Abstract. endothelin-1 (et-1) modulates several vascular functions and plays an important role in the pathogenesis of insulin resistance. However, its role in the pathogenesis of impaired angiogenesis observed under insulin resistance conditions is not known. in the present study, we addressed this issue by analyzing the effect of et-1 in human umbilical vein endothelial cells (HuVec) on i) insulin-induced phosphor ylation of two protein k inases involved in angiogenesis, akt and erK1/2, and on ii) insulin-induced angiogenesis in two in vitro models, those of matrigel and of fibroblast/endothelial co-culture. Both insulin (100 ng/ml) and et-1 (10 n mol / l) dose -d ep end ent ly i nc r ea se d t he phosphorylation of akt and erK1/2. Pre-treatment with et-1 did not suppress the insulin-induced akt and erK1/2 phosphorylation. in the two in vitro models of angiogenesis, et-1 did not inhibit insulin-induced angiogenesis. from these data we conclude that in vitro, at the times and at the concentrations examined, et-1 does not impair insulininduced angiogenesis.
Introduction
insulin resistance is a clinical condition characterized by vascular dysfunction and impaired angiogenesis (1-3). the underlying mechanisms that sustain this condition are not completely known. Several alterations in the insulin transduction pathway have been described, and several pathogenetic mechanisms have been proposed (4-6). it has been suggested that endothelin-1 (et-1) could play a role since its plasma levels are increased in insulin resistance conditions (7-9) and since its increased plasma levels can induce vascular dysfunction (10-12). furthermore, several studies, performed both in vitro and in vivo, confirmed the role of ET-1 in insulin resistance conditions and vascular dysfunction (13, 14) .
Both insulin and ET-1 stimulate angiogenesis through the activation of intracellular kinases, as akt and erK1/2 (15-17). However, the transduction pathways of insulin and et-1 are quite different: insulin activates a tyrosine kinase-coupled receptor (16), whereas et-1 transduces its signals through a G-protein-coupled receptor (15, 18) .
it is also known that et-1 can interfere with insulin transduction at different levels, as for example, through the activation of some isoforms of protein kinase c that inhibit some early steps of the insulin transduction pathways (17, 19, 20) .
Since the role of et-1 on the impaired angiogenesis observed in insulin resistance conditions is not known, the aim of the present study was to evaluate the effect of et-1 on insulin-induced angiogenesis. in this study we demonstrate that at the concentration of 10 nmol/l, et-1 did not impair insulin-induced angiogenesis evaluated both through the analysis of the levels of phosphorylation of akt and erK1/2 and by using Matrigel and fibroblast-endothelial co-culture, two in vitro models of angiogenesis.
Materials and methods
Isolation, culture and stimulation of endothelial cells. Human umbilical vein endothelial cells (HuVec) were isolated according to established procedures (21), and cultured under standard conditions in m-199 medium containing 15% fetal calf serum (fcS), 15 u/ml heparin (both from Sigma-aldrich, Milan, Italy) and 20 µg/ml ECGF (Boerhinger Mannheim, Mannheim, Germany) and used within the fifth passage.
After one day of confluence, HUVEC were starved by an overnight incubation in a medium containing 0.5% of insulinfree bovine serum albumin (BSA) (Sigma). Cells were then washed with phosphate-buffered saline (PBS) pH 7.4 and kept in medium without BSA for a further hour. In the experimental conditions in which the kinase inhibitors were used, they were added 30 min before the addition of the agonists. the inhibitors used were: 25 ng/ml rapamycin, 100 nmol/l wortmannin, 50 µmol/l lY294002, 40 µmol/l Pd98059, 5 µmol/l uo126, 10 µmol/l u7, 30 µmol/l H89, 1 µmol/l Go6983, 1 µmol/l rottlerin (calbiochem, la jolla, ca, uSa). according to the experimental design, cells were stimulated with 100 ng/ml insulin (Sigma) or 10 nmol/l et-1 (Sigma). in the experiments of co-stimulation with et-1 plus insulin, et-1 was added 3 min before insulin. After specific times of incubation, cells were washed with PBS and immediately lysed with Laemmli Matrigel. Growth factor-reduced Matrigel (Bd Biosciences, Bedford, MA), a mixture of extracellular and basement membrane proteins derived from the mouse engelbreth-HolmSwarm sarcoma line was used to induce angiogenesis (22). matrigel (100 µl) was plated in 24-well culture plates, according to the manufacturer's instructions. HuVec (10 4 cells/plate) were seeded in tc199 medium containing 0.5% fcS and incubated at 37˚C. According to the experimental design, cells were stimulated with insulin (100 ng/ml) and/or et-1 (10 nmol/l). after 3, 6, 24, 48 and 72 h the length of the tube-like structures delimiting lacunae were analyzed. the length of the tube-like structures (expressed as mm/field) and the number of cells (expressed as number of cells/field) present between the rings, were quantitatively evaluated by using an image analysis software (Scion image) (niH image 5.2) in randomly selected high-power fields (x40).
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Fibroblast-endothelium co-culture. the effect of insulin and/or et-1 on angiogenesis was also evaluated by analyzing the capillary formation in co-cultures of HUVEC and human fibroblasts (primary cells) of dermal origin (23). VeGf (10 ng/ml) was used as a positive control. Briefly, 25x10
3 HuVec or human fibroblasts/plate were seeded into a 24-well culture plate in EBM-2 culture medium (Clonetics, San diego, CA) and the medium was changed on day 4, 7 and 11. Where needed, 100 ng/ml insulin and/or 10 nmol/l et-1 were added at every medium change. After 14 days of culture, plates were fixed and endothelial cells were immunohistochemically stained. Briefly, plates were washed with PBS, fixed in 70% ethanol for 30 min, blocked with horse serum for 30 min, stained with 10 µg/ml anti-cd31 (clone m89d3, kind gift of dr m. zocchi) for 1 h at room temperature, followed by incubation with the avidin/streptavidin-coniugated secondary antibody. Positive cells were detected using the Vector Staining kit (Vector Laboratories Inc., Burlingame, CA). The length of the capillary-like structures (expressed as mm/field) was measured using the Scion image image analysis software (niH image 5.2).
Statistical analysis. Statistical analysis was performed with the mann-Whitney and Wilcoxon tests. the results were considered significant at P<0.05.
Results
the aim of this study was to investigate the role of et-1 in the modulation of insulin-induced angiogenesis in order to evaluate its possible role in the pathogenesis of the impaired angiogenesis observed under insulin resistance conditions. We addressed this issue in two ways: i) by analyzing the level of phosphorylation/activation of akt and erK1/2, two protein kinases involved in angiogenesis (24,25), in HuVec, and ii) by using Matrigel and fibroblast-endothelium co-culture, two in vitro models of angiogenesis.
Effects of insulin and ET-1 on Akt and ERK1/2 phosphorylation in HUVEC.
akt and erK1/2 belong to the Pi-3K/akt/mtor and meK/maPK/erK1/2 pathways, respectively, and their activity is modulated by a site-specific phosphorylation. We have therefore, evaluated by Western blotting their levels of phosphorylation as an index of their activation.
as known (26), in HuVec, 100 ng/ml insulin increases the phosphorylation of both akt and erK1/2 as early as at 5 min after treatment with further increases in the following 15 and 30 min (data not shown). insulin-induced akt phosphorylation appears to be Pi-3K dependent as it was totally inhibited by wortmannin and lY294002; and partially meK/ maPK-dependent since Pd98059 (a meK inhibitor) reduced akt phosphorylation by 20±5%, whereas a modest increase (10±4.5%) was observed with rapamycin (an inhibitor of the mammalian target of rapamycin, mtor) ( fig. 1) . the phosphorylation of akt was also inhibited by rottlerin (a PKcδ inhibitor) and H89 (PKcµ inhibitor) whereas Go6983 (a PKcα and β inhibitor) had no effect ( fig. 2) . figure 1. effect of protein kinase inhibitors on akt phosphorylation induced by insulin. thirty minutes before insulin stimulation (100 ng/ml), cells were treated with 100 nmol/l wortmannin (Pi-3K inhibitor), 50 µmol/l lY294002 (Pi-3K inhibitor), 25 ng/ml rapamycin (mtor inhibitor) or 40 µmol/l Pd98059 (meK inhibitor) according to the experimental design. after 30 min of stimulation cells were lysed and run on SdS-PaGe gels. the gels are representative of one of three replicate experiments, whereas the analysis is performed from the data derived from the three experiments. * P<0.05 vs. control; ** insulin-induced erK1/2 phosphorylation was totally inhibited by Pd98059 (and uo126, data not shown), whereas wortmannin, lY294002 and rapamycin had no significant effect ( fig. 3) .
in preliminary experiments we have examined the ability of different concentrations of et-1 (5, 10, 50 and 100 nmol/l) to stimulate akt and erK-1/2 phosphorylation. according to the observations that: i) et-1 at 10 nm was able to increase these phosphorylations by 2-5-fold, ii) greater concentrations of et-1 only modestly further increased these phosphorylations (data not shown), and iii) concentrations of et-1 >10 nm are not present in vivo in insulin resistance conditions (8,9,11-13), we chose to use the et-1 dose of 10 nmol/l in our experiments.
the 10 nmol/l concentration of et-1 increased the level of akt and erK1/2 phosphorylation as early as at 5 min, and this effect persisted until 60 min. the akt phosphorylation was totally inhibited by lY294002, whereas rapamycin and Pd89059 induced a modest increase. erK1/2 phosphorylation was inhibited by Pd98059 and by u0126 but was unaffected by lY294002 and rapamycin (data not shown).
We then evaluated the effect of et-1 on insulin-induced akt and erK1/2 phosphorylation. et-1 (10 nmol/l) added 3 min before insulin stimulation, did not modify the level of akt and erK1/2 phosphorylation as compared to that observed with insulin alone (fig. 4) . the addition of lY294002, rottlerin figure 3. effect of protein kinase inhibitors on erK1/2 phosphorylation induced by insulin. thirty minutes before insulin stimulation (100 ng/ml), cells were treated with 100 nmol/l wortmannin (Pi-3K inhibitor), 50 µmol/l lY294002 (Pi-3K inhibitor), 25 ng/ml rapamycin (mtor inhibitor) or 40 µmol/l Pd98059 (meK inhibitor) according to the experimental design. after 30 min of stimulation cells were lysed and run on SdS-PaGe gels. the gels are representative of one of three replicate experiments, whereas the analysis is performed from the data derived from the three experiments. figure 4. effect of endothelin-1 (10 nmol/l) on akt and erK1/2 phosphorylation induced by insulin. three minutes before insulin stimulation (100 ng/ml), cells were stimulated with 10 nmol/l endothelin-1, according to the experimental design. after 30 min of stimulation cells were lysed and run on SdS-PaGe gels. the gels are representative of one of three replicate experiments, whereas the analysis was performed from the data derived from the three experiments. * P<0.05 vs. control. figure 2. effect of protein kinase inhibitors on akt phosphorylation induced by insulin. thirty minutes before insulin stimulation (100 ng/ml), cells were treated with 1 µmol/l rottlerin (PKcδ inhibitor), 1 µmol/l Go6983 (PKcα/β inhibitor), 30 µmol/l H89 (PKcµ inhibitor) according to the experimental design. after 30 min of stimulation cells were lysed and run on SdS-PaGe gels. the gels are representative of one of three replicate experiments, whereas the analysis was performed from the data derived from the three experiments. and H89 totally inhibited akt phosphorylation, whereas uo126 and Go6983 increased it by 44±22% and 40±25%, respectively ( fig. 5 ). the level of erK1/2 phosphorylation was reduced by Pd98059 and Go6983, but was unaffected by lY294002, rottlerin and H89 (data not shown).
Effects of insulin and ET-1 on the Matrigel model of in vitro
angiogenesis. a further aim of our study was to analyze the effect of et-1 on insulin-induced angiogenesis in matrigel and fibroblast-endothelial co-culture, two models of in vitro angiogenesis. in the matrigel model, within only a few hours from seeding, endothelial cells grew and formed tube-like structures delimiting lacunae. the length of these tube-like structures is considered to reflect the level of angiogenesis present in the conditions examined.
in this model, both insulin and et-1 increased the length of these tube-like structures as compared to the control (24.3±2.51 and 23.6±3.05 vs. 10.66±2.51, respectively). the appearance of the rings was delayed in respect to that observed with VeGf (10 ng/ml) (data not shown), but they persisted longer. another feature observed after stimulation with insulin or et-1 was the presence, between the rings, of many proliferating cells (145.6±7.3, 142.6±5.03) compared to the control (97.6±2.5). Stimulation with insulin plus et-1 did not modify the length of the tube-like structures (24.6±2.5) and the number of the proliferating cells (144.6±7.3) compared to that observed with insulin or et-1 alone. (fig. 6 ).
Effects of insulin and ET-1 on the fibroblast-endothelium co-culture model of in vitro angiogenesis. in the angiogenesis
model of fibroblast-endothelium co-culture, after 14 days of culture, endothelial cells form thin prolongations between the fibroblasts whose length is considered to reflect the level of the angiogenesis present. the addition of insulin or et-1 to the culture medium increased the length of these vascular-like structures (48.3±4.5 and 50.6±4.1, respectively, compared to 31±3 in the control). the co-stimulation with insulin and et-1 did not modify the length of these vascular-like structures (48.6±4.04) ( fig. 7) .
Discussion
in the industrialized societies the clinical relevance of the insulin resistance conditions is increasing. indeed, the clinical complications, a direct consequence of the accelerated atherosclerosis present in these syndromes, are responsible for the impaired quality of life observed in these patients (27) . for these reasons, a great effort has been devoted to the understanding of the molecular basis of insulin resistance.
insulin resistance conditions are characterized by an impairment, observed at several levels of the insulin transduction figure 6. effect of insulin and/or endothelin-1 (et-1) on in vitro angiogenesis evaluated with the matrigel model. HuVec were seed on plates coated with matrigel; according with the experimental design, cell were: not treated (c); treated with insulin 100 ng/ml (d), treated with 10 nmol/l et-1 (e); treated with 10 nmol/l et-1 + 100 ng/ml insulin (f). after 24 h the length of the tube-like structure (a) and the number of cells present in every field (b) were measured and compared. the images (c-f) are representative of one of three experiments performed in triplicate. * P<0.05 vs. control.
figure 5. effect of protein kinase inhibitors on akt phosphorylation induced by endothelin-1 (10 nmol/l) plus insulin (100 ng/ml). thirty minutes before endothelin-1 plus insulin stimulation (10 nmol/l), cells were treated with 50 µmol/l lY294002 (Pi-3K inhibitor), 1 µmol/l rottlerin (PKcδ inhibitor), 30 µmol/l H89 (PKcµ inhibitor), 5 µmol/l uo126 (meK inhibitor) or 1 µmol/l Go6983 (PKcα/β inhibitor) according to the experimental design. after 30 min of stimulation cells were lysed and run on SdS-PaGe gels. the gels are representative of one of three replicate experiments, whereas the analysis is performed from the data derived from the three experiments. international journal of molecular medicine 28: [443] [444] [445] [446] [447] [448] 2011 pathway. reduced Pi-3K, akt and enoS activity, reduced intracellular and membrane bound PiP2 levels as well as reduced actin-dependent Glut4 translocation have been described (3-6).
although insulin resistance is a syndrome with a multifactorial origin (28), a role of circulating/humoral factors, and among these et-1, has been demonstrated. insulin resistance conditions are, indeed, frequently characterized by an increase of et-1 plasma levels (8,9), and in vitro studies have demonstrated that et-1 inhibits some intracellular steps of the insulin transduction pathway (7) and that high plasma levels of et-1 are able to induce vascular dysfunction (11). a microand macro-angiopathy, as well as an impaired collateral vessel formation, are observed in the insulin resistance syndromes (14), but the role of et-1 in this impaired angiogenesis is not known.
individually taken, both insulin and et-1 are important inducers of angiogenesis (15, 16, 18) . the importance of et-1 in the angiogenesis is further confirmed by its increased expression in the tissues where angiogenesis is present, such as in the tumors (29). on the other hand, since et-1 is known to inhibit some steps of insulin transduction, it is conceivable that it may have an inhibitory role in insulin-induced angiogenesis.
to address this issue, in the present study we have analyzed the effect of et-1 on insulin-induced angiogenesis by assessing the activation of akt and erK, two protein kinases involved in angiogenesis, and by using two in vitro models of angiogenesis. at the concentration of 10 nmol/l, et-1 did not impair insulin-induced akt and erK activation, or the insulininduced angiogenesis in two in vitro models of angiogenesis.
although under our experimental conditions we did not observe an inhibitory effect of et-1 on insulin-induced angiogenesis, the observation that in conditions of co-stimulation with insulin and et-1 the use of inhibitors of meK/maPK or of PKcα/β induced an increased phosphorylation of akt, suggest that et-1 stimulates PKcα/β and meK/maPK that in turn partially inhibit akt. this suggests that a small level of inhibition is present. on the other hand, recent studies have demonstrated that et-1 can induce insulin resistance by reducing PiP2 production without modifying the activation of some isoforms of akt (30). therefore, our data do not rule out that other insulin-induced pathways could be inhibited by et-1 and that other experimental conditions may lead to a more clear inhibition of insulin-induced angiogenesis. for example, the addition of phorbol ester to cells stimulated with et-1 and insulin induces a strong inhibition of akt (data not shown). this suggests that a greater level of stimulation of the diacylglycerol-dependent PKC, could confer a significant level of inhibition. However, the concentration of et-1 (10 nmol/l) used in our experiments already corresponds to higher plasma concentrations (>10 pg/ml) that can be observed in insulin resistance conditions, and higher concentrations would be above the physiological and pathological levels (7-9,11,12).
In our study we confirmed the ability of insulin to activate akt and erK1/2 in human endothelial cells, and that such activations are Pi-3K-and meK/maPK-dependent, respectively. the present study demonstrates that et-1 activates akt in HuVec. it is known that et-1 does not activate akt through the classical pathway activated by tyrosine receptors. the binding of et-1 to its G-protein-coupled receptor, induces the activation of Pi-3K through the binding of the G-protein βγ subunits with its catalytic domain (18) that, in turn, induces the activation of the downstream kinases. accordingly, in our study akt is activated by et-1 via a Pi-3K pathway. the fact that Pd89059 and uo126 induced an increase in akt phosphorylation after et-1 stimulation indicates the existence of an inhibitory action of meK/maPK on akt.
Several isoforms of protein kinase c are known to modulate insulin transduction. in particular, isoforms α and β exert an inhibitory action, whereas PKcδ, ε and µ are activators. our data are in agreement with such roles: insulin-induced akt phosphorylation was reduced by rottlerin (a PKcδ inhibitor) and by H89 (a PKcµ inhibitor). the inhibition of the α and β isoforms of PKc by Go6983 did not modify the phosphorylation of akt induced by insulin, indicating that insulin does not stimulate these inhibitory kinases. a different effect was observed when et-1 was added to insulin. in this case, indeed, the inhibition of the PKcα and β increased the level of akt phosphorylation, (as also observed with the inhibition of the downstream kinase meK/maPK).
In our study we confirmed that insulin activates ErK1/2 in a meK-dependent fashion. We show that erK1/2 phosphorylation figure 7. effect of insulin and/or endothelin-1 (et-1) on in vitro angiogenesis evaluated with the fibroblast-endothelium co-culture model. HUVEC and fibroblasts were seeded together on plates. According with the experimental design, cell were: not treated (b); treated with 100 ng/ml insulin (c); treated with 10 nmol/l et-1 (d); treated with et-1 10 nmol/l + insulin 100 ng/ml (e). after 14 days, the length of the vascular-like structures (endothelial microtubules) were counted and compared (a). the images (b-e) are representative of one of three experiments performed in triplicate. * P<0.05 vs. control.
increased after Pi-3K and mtor inhibition, indicating an inhibitory role of these kinases on erK1/2 phosphorylation. also, by using the two models of in vitro angiogenesis we observed that et-1 at 10 nmol/l does not impair insulininduced angiogenesis. We also confirmed that, given alone, both insulin and et-1 increase angiogenesis. an interesting observation in the matrigel model is that after insulin and/or et-1 stimulation, a great number of cells was present in the wall of the angiogenic rings compared to that observed in the control sample. this effect could be explained by the increased erK1/2 activation induced by these agonists that is known to sustain the proliferation process (31).
in conclusion, in our experimental conditions, et-1 at the doses and at the times used, does not impair insulin-induced angiogenesis.
